The impact of boron doping on the p-layer of thin film silicon solar cells is assessed by measuring the effective Schottky barrier height of ZnO/a-Si:H and ZnO/lc-Si:H heterojunctions. A deviation from ideal diode characteristics is revealed by an increase of ideality factor with doping concentration. Higher current densities and lower effective Schottky barriers are evaluated for higher doping levels, resulting in increasingly Ohmic behaviour. This is attributed to an enhancement of tunneling through a thinner depletion region, as supported by computer simulations. Extracted barriers are in the range of 0.7-1 eV for the heterojunctions with rectifying behaviour. V C 2013 AIP Publishing LLC. [http://dx
I. INTRODUCTION
The poor lateral conductance of amorphous silicon in thin film solar cells has been one of the factors driving the use of transparent conductive oxides (TCOs) as contacts covering the entire surface of the semiconductor layers. The smaller thicknesses of the layers in thin film solar cells in comparison to crystalline solar cells also cause a reduced light absorption, which can be alleviated by the light trapping facilitated by the rough structures of the TCO. However, despite the wide optical bandgap and conductivity comparable to that in metals, 1 TCOs such as ZnO produce a Schottky barrier with p-type a-Si:H due to the difference in work function between the two materials. Since an effective p-type TCO for p-layers in solar cells is still under development, methods to lower the Schottky barrier include replacement of the a-Si:H p-type layer with molybdenum oxide (MoO 3 ), which has a wide bandgap, high work function, and good electrical conductivity. 2 A more widely explored option is the use of interlayers between ZnO and p-type a-Si:H to reduce the barrier height. Some examples of interlayers include n-type lc-Si:H, 3, 4 amorphous hydrogenated germanium, 5, 6 n-type amorphous tungsten oxide, 7 and metallic nanodots of high work function materials, such as gold, platinum, palladium, or silver. 8 A simpler but still effective approach is addition of a p-type lc-Si:H interlayer between ZnO and a-Si:H. 9, 10 The importance of assessing the ZnO/p-type Si Schottky barrier at the interface is essential for the optimization of the solar cell.
In this work, experiments to measure the effective Schottky barrier height of ZnO/a-Si:H and ZnO/lc-Si:H heterojunctions and to identify their transport mechanisms based upon the theory of thermionic emission are performed. Computer simulations considering different transport mechanisms are also used to study the effects of doping on the band diagram of the interface. Finally, both types of structures are tested as window layers for single junction thin film silicon solar cells.
II. EXPERIMENTAL
Three ZnO/a-Si:H and ZnO/lc-Si:H heterojunctions were fabricated. The hydrogen/silane (H 2 /SiH 4 ) ratio was kept constant at 600 for all p-type lc-Si:H layers and at 10 for the p-type a-Si:H layers. The doping concentration of the p-layers was varied by controlling the trimethyl borane (TMB)/silane ratio B(CH 3 ) 3 /SiH 4 , which was set to 0.4 for both types of samples. The TMB flow was four times higher for a-Si:H than for lc-Si:H. The standard doping concentrations used for solar cells is referenced to a TMB flow of 100%. The TMB/silane ratio was changed as the TMB flow decreased from 100% to 66% and 33% for both types of p-layers. The area for all samples was 0.008435 cm 2 with a ZnO layer thickness of 1.8 lm deposited on a thin film of a-Si:H or lc-Si:H layer of thickness 15 nm. Silver was used to contact ZnO and silicon sides on special diode structures fabricated at the same time as the corresponding solar cells, as shown in Fig. 1 . Electrical characterization of the samples was conducted by performing dark I-V-T measurements in a cryogenic probe station, in the temperature range 208-318 K. Schottky diode parameters such as the barrier height, ideality factor, and saturation current were calculated using the forward bias region of the I-V curve, which was measured using a Keithley 4200 SCS in the voltage range V ¼ [À1, 2] V with a step of 0.005 V.
III. SCHOTTKY BARRIER DEFINITION
The ideal case of a Schottky barrier at a p-type semiconductor is illustrated in Fig. 2 . This barrier height causes rectifying properties at the metal-semiconductor contact, which are ideally defined in Eq. (1) as the difference of the semiconductor valence band and the metal work function, where E g is the bandgap of the semiconductor
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where V is the applied voltage, R s is the series resistance of the device, and I is the device current, q, k, and T represent the elementary charge, Boltzmann constant, and absolute temperature, respectively. The value n is known as the ideality factor, and for the ideal case of pure thermionic emission, n ¼ 1. The term I 0 represents the saturation current and can be related to the height of the Schottky barrier U bp as shown in Eq. (3), with A as the area of the device and A ** ¼ 32 A cm À2 K À2 as the Richardson constant, for p-type silicon
The saturation current is evaluated from a plot of ln|I| vs V, where I 0 is found as the intercept of the linear region of the ln|I|-V curve extrapolated to V ¼ 0, to then calculate the Schottky barrier height U bp from Eq. (3). Also, the ideality factor n can be evaluated from the slope of the linear region as in Eq. (4) n ¼ q kT
However, thermionic emission over the barrier as shown in Fig. 2(a) is not the only transport mechanism found in a metal-semiconductor interface. Field emission can occur if (1) The doping concentration of the semiconductor is high enough to narrow the depletion region, (2) The temperature is sufficiently low to eliminate transport over the barrier, or (3) A large reverse bias is applied. Additionally, an intermediate level known as thermionic field emission is achieved when temperature assisted carriers are able to tunnel through thinner regions of the depletion region. 11, 12 The effect of multiple transport mechanisms is observed as an increase of the ideality factor, and this represents a deviation from pure thermionic emission. Normally, values of n are expected to lie between 1 and 2; however, it is common to find ideality factors even greater than these for amorphous materials, 13,14 attributed mainly to tunneling. As a consequence, the barrier height calculated from Eq. (3) suffers an apparent decrease which seems to contradict Eq. (1). This apparently reduced height (effective Schottky barrier height, U eff ) results because carriers are able to tunnel through the barrier at lower heights. The value of U eff depends on the dominating transport mechanism, unlike the value of U bp , which depends on the fundamental properties of the materials.
IV. COMPUTER SIMULATIONS
Besides I-V-T measurements, the effects of doping concentration on the p-type layers of the ZnO/Si heterojunctions were examined by means of Technology Computer Aided Design (TCAD) simulations. 15 Simulations for both types of heterojunctions were conducted and matched in the low voltage range for the forward and reverse bias current obtained from experiments at room temperature (T ¼ 295 K). The low voltage range was chosen to avoid the effects of series resistance of the structure at high voltages. Table I shows a complete list of the parameters used to define ZnO, a-Si:H, and lc-Si:H properties. These values were found to better describe our experiments while keeping the best possible with common values shown in literature. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Models used for the simulations include Fermi-Dirac statistics and Shockley-Read-Hall recombination. Amorphous layers were represented by a continuous DOS in the bandgap composed of exponential functions for band tails into the bandgap. Besides the band tails, trap centers distributed as a Gaussian function were inserted in the middle of the gap. These midgap states are donor-like traps charged for electrons but neutral for holes and acceptor-like traps charged for holes but neutral for electrons, which represent the dangling bonds in amorphous materials. Finally, a bandgap narrowing model was included to account for a reduction of bandgap with increasing doping concentration. a-Si:H case (E g % 1.72). According to Eq. (1) and the simulated parameters, barrier height U bp values should be approximately 1 eV and 0.7 eV for ZnO/a-Si:H and ZnO/lc-Si:H heterojunctions, respectively. At low doping concentrations, the reverse current is orders of magnitude lower than in the forward case, and a linear region is clearly observed at low positive voltage range, before series resistance becomes dominant. These observations are proof of the rectifying properties of the heterojunctions. Here, thermionic emission over the barrier is expected to play an important role as a transport mechanism. However, as the TMB flow is increased, the linear region in the forward bias is reduced, complicating the evaluation of diode parameters. Also, reverse current density increases up to the point where it reaches almost the same level as the forward current, producing symmetry around V ¼ 0, pointing to additional mechanisms than thermionic emission. This behavior is reproduced in simulations with increase of doping concentration alone.
It can be seen that some of the simulated curves fit better because no attempt has been made to fit other parameters such as bandgap 21 and density of defects with change of doping concentration. 29 The (Fig. 4(b) ) for the low, medium, and high doping concentrations of the a-Si:H and lc-Si:H, respectively. The reason why the band diagram for ZnO/a-Si:H samples does not change with doping as much as for ZnO/lc-Si:H samples can be attributed to the poor doping efficiency of a-Si:H. Increasing the doping concentration also has a thinning effect of the depletion region to a point where carriers are able to tunnel through the barrier irrespective of polarity, producing the symmetry around V ¼ 0. Fig. 5 shows the J-V-T measurements performed for the ZnO/a-Si:H heterojunctions. Steep and clearly defined linear regions are observed for the sample with lowest doping concentration at all the temperatures measured. However, as the doping concentration is increased, current density at low voltages rises steeply and causes the slope of the linear region to decrease. This effect combined with the series resistance complicates the identification of the linear region. A reduction of temperature slows the rise of the J-V curve revealing the slope of the curve. Therefore, measurements at lower temperatures are essential for extracting the diode parameters of highly doped samples. These alterations to the curve show that the transport mechanism of the samples changes with doping and also with temperature.
The transport mechanisms can be examined by analyzing the ideality factor described in Eq. (4). Fig. 6 shows that the ideality factor for the three samples decreases towards n ¼ 1 as temperature increases. This indicates that thermionic emission becomes more important and more carriers are able to jump over the barrier as the temperature is increased, nevertheless values of n > 2 indicate a strong influence of field emission or thermionic field emission. At room temperature, extracted values of n ¼ 2.39, n ¼ 2.77, and n ¼ 8.85 are obtained from the experimental data for the samples with 33%, 66%, and 100% TMB flow, respectively. A strong dependence of U eff with temperature is observed from the experimental data in Fig. 7 , indicating an increase of U eff with temperature. The reason why U eff changes with temperature is attributed to the multiple transport mechanisms at the interface. 30, 31 At room temperature, the measured values of U eff for the ZnO/a-Si:H samples are 0.99 eV, 0.96 eV, and 0.82 eV for the 33%, 66%, and 100% TMB flow, respectively, which agree with the simulated values. Fig. 7 also shows the effective Schottky barrier height for the least doped ZnO/lc-Si:H, since it is the only sample where a linear region could be identified to evaluate the saturation current. The value of U eff is found to be 0.77 eV at room temperature.
The increasing symmetry of the ln|J|-V curve around V ¼ 0 as the doping is increased is also observed for the ZnO/lc-Si:H heterojunctions, shown in Fig. 3 . Linear characteristics can be more easily noted for the two most doped samples when plotted in linear scale as shown in Fig. 8 . Since this desired behaviour is more that of an Ohmic than a Schottky contact, the complete loss of the linear region is understood and calculation of ideality factor has no motivation. This does not mean that the lc-Si:H valence band has aligned with the ZnO workfunction. A more appropriate explanation is that the depletion region becomes sufficiently thin to allow for an increased tunneling transport mechanism regardless of the polarity applied, as shown in Fig. 4 . It is reported that a rectifying contact evolves into an Ohmic contact due to tunneling and an apparently reduced barrier height. 12, 32 Finally, the ZnO/Si heterojunctions are tested as window layers for thin film solar cells, with the initial performance shown in Table II . Although the ZnO/lc-Si:H contact has better electrical characteristics than the ZnO/a-Si:H contact, the solar cell using an a-Si:H window layer performs better than the solar cell with a lc-Si:H window. Since the bandgap of a-Si:H is greater than that of lc-Si:H, it allows more light to reach the intrinsic region where the light is absorbed, indicating that there is a trade-off between an Ohmic contact with the TCO and light reaching the absorber layer. This is supported by measurements of external quantum efficiency shown in Fig. 9 . However, a positive effect results from a combined lc-Si:H/a-Si:H p-type window layer, since this helps to keep an effectively lower barrier with ZnO without obstructing light from reaching the absorbing layer.
VI. CONCLUSIONS
In summary, the increase of p-layer boron doping reduces of effective Schottky barrier height of ZnO/a-Si:H and ZnO/lc-Si:H heterojunctions, changing their properties from rectifying to Ohmic. An increase of doping also increases the ideality factor evaluated from the J-V curve, revealing an enhanced contribution of tunneling transport mechanism through a thinner depletion region as observed in TCAD simulations. Extracted Schottky barriers are in the range of 0.7-1 eV. The narrow bandgap of lc-Si:H in combination with high doping concentrations produces an Ohmic contact that can be used as a window layer for thin film silicon solar cells however, this reduces the light absorption at the intrinsic region and affects the cell performance. A combination of p-type lc-Si:H/a-Si:H window layer helps to produce an Ohmic contact with the ZnO without compromising the light transmitted to the intrinsic region. 
